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We investigated experimentally as well as theoretically the ultrafast response of the wave function of the
conduction band (CB) of Si and Zr to a near-infrared laser field using extreme ultraviolet (XUV) absorption1
spectroscopy in the spectral range of 80–220 eV. The measured dynamics of the XUV transmission demonstrates
that the wave function of the CB follows the electric field of the dressing laser pulse. In these terms, laser dressing
was earlier mainly studied on gases. Measurements with two-femtosecond and 200-attosecond temporal steps
were performed in the vicinity of the Si L2,3 edge near 100 eV, the Si L1 edge near 150 eV, and the Zr M4,5 edge
near 180 eV. The observed changes were dependent on the core states being excited by the XUV probe pulse. At
the 2p to CB transitions of Si, the XUV transmission increased via the effect of the dressing laser pulse, while
at the 2s to CB transition of Si and the 3d to CB transition of Zr, the XUV transmission decreased. Furthermore,
beats between the transition from 2p1/2 and 2p3/2 levels of Si and from 3d3/2 and 3d5/2 levels of Zr were observed
with 20.7 fs and 3.6 fs periods.
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I. INTRODUCTION20
Time resolved x-ray absorption spectroscopy (XAS) and21
transient absorption spectroscopy has an old tradition and22
modern importance. Authentic experiments with highest and23
highest resolution guide us within the sometimes ambiguous24
maze of the theoretical predictions. With experimental support,25
a deeper understanding of the electronic properties of materials26
and the underlying processes of light-matter interactions can27
be gained to develop faster electronics and optical detectors28
even up to PHz frequencies [1], with also a strong binding to29
chemical physics and chemistry.30
The spectroscopy of laser-dressed materials is a unique31
branch within x-ray spectroscopy. It measures the response of32
the electronic system of materials to the field of the pump33
laser itself [2] without electron excitation and subsequent34
absorption of the pump. Consequently, it provides information35
about the processes within an optical period of the laser pulse36
with femtosecond and subfemtosecond temporal resolution37
[3]. Theoretically, it is described as the manipulation of38
the electron-wave-packet dynamics of the unoccupied and39
occupied electronic states of the material [4].40
For atomic and molecular gases such as argon [5], neon41
[6], helium [7,8], N2 [9], Br2 [10], and hydrocarbons [11],42
many brilliant experimental testimonial results occur. They43
probed mainly valence electrons and exited them to levels44
near the ionization threshold with extreme ultraviolet (XUV)45
probe in the range of 10, 20 eVs. Core-level excitation as46
probe [3,12–14] were the subject of fewer studies. Besides47
the change in absorption, Stark shift in He [15] and Ar [5],48
Rabi oscillations [16] in Ne, line broadening [5], and quantum49
beats [17,18] were recognized in the recorded XUV or photo-50
electron spectra.51
Besides the basic processes and interactions in atoms52
and molecules, understanding multiparticle correlation and53
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associated phenomena in solids is a key factor in material 54
science. In our paper, we demonstrate the laser field dressing 55
of solid Si and Zr thin films and examine them with core-level 56
transient absorption spectroscopy. Time resolved spectroscopy 57
of Si L-edge near 100 eV was the subject of pioneering 58
studies, reaching nanosecond [19] and later picosecond [20] 59
temporal resolution. As short as 20 fs temporal resolution 60
was achieved at the L-edge [21,22] and at the K-edge (near 61
1.8 keV) in Si, [23,24] and laser-excited phonons, and the 62
dynamics of interband electron excitations were measured. 63
Attosecond-scale temporal resolution was demonstrated in 64
SiO2 dielectrics [25], where the application of the suitably 65
high laser intensity beyond the critical field strength injected 66
electrons into the conduction band (CB). In other experiments, 67
interband electron excitation dynamics was resolved in subcy- 68
cle resolution in Si [26] in a wide bandgap semiconductor of 69
GaN [27], and photo-induced charge transfer was examined in 70
Co3O4 [28] with transient XUV spectroscopy. In spite of these 71
achievements, the yet unexplored phenomena in molecules and 72
solids offer abundant challenges for scientists. 73
In the present paper, we examine thin Si and Zr films 74
dressed by the near-infrared (NIR) pulses of a Ti:sapphire laser 75
system. Contrary to earlier studies, which were focused on 76
understanding electron excitation [25–27] or charge migration 77
[28], our aim is to observe the effect of the laser electric 78
field on the CB. For detecting the changes on the CB wave 79
function, the delay dependence of the XUV transmission 80
from different core levels to the CB is measured, namely, 81
the 2p and 2s to CB transitions of Si in the vicinity of 82
100 eV and 150 eV, respectively, and the 3d to CB transitions 83
of Zr in the vicinity of 180 eV. Both the slow change in 84
transmission caused by the envelope of the dressing laser 85
pulse, the fast change due to its electric field carrier, and the 86
quantum beats with 20.7 fs and 3.6 fs periods between the 87
transitions from 2p1/2 and 2p3/2 levels of Si and from 3d3/2 and 88
3d5/2 levels of Zr are studied. Furthermore, we demonstrate 89
that the above-mentioned changes in the XUV transmission 90
caused by the laser dressing can be distinguished from the 91
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FIG. 1. Experimental setup. A concentric mirror pair was used for pump-probe spectroscopy. The inner mirror was movable for adjustable
delay and served as the NIR pump. In the focus of the outer mirror [beam profile of inset (b)], high harmonics were generated [beam profile of
inset (c)] for XUV probe with spectra [inset (d)] after two sets of thin foils of Zr+Zr or Si+Zr, as indicated.
ones caused by the generated optical phonons and electronic92
excitations.93
II. EXPERIMENTAL SETUP94
The laser pulses of a Ti:sapphire laser system (pulse95
duration: 35 fs ; central wavelength: 805 nm; repetition rate:96
10 Hz) were loosely focused with a concentric mirror pair (see97
Fig. 1). The inner mirror (having a focal length of 1500 mm)98
focused the 7 mJ/pulse part of the laser beam at 500 mm99
before a gas jet. The gas jet was made from a metal tube100
with diameter of 3 mm. A hole with diameter of 1 mm was101
drilled perpendicular through the tube, and the tube was placed102
perpendicular to the laser beam (see Fig. 1). One end of the103
tube was closed, and from the other side, it was filled with104
Ne gas with adjustable pressure. Some part of the central laser105
beam passed through the 1 mm diameter hole in the jet and was106
illuminated with a 5 mm diameter surface of the examined foils107
of 50-nm-thick Si or 200-nm-thick Zr with a peak intensity108
of ∼1.5 × 1011 W/cm2 (∼1 V/nm). This served as pump or109
dressing and altered the electronic configuration of the thin110
foil (see Fig. 1). The outer mirror, having a focal length of111
2000 mm, focused the beam into the gas jet, which served as112
high harmonic source to produce the trains of ∼200 attosecond113
pulses for the probe [29,30]. The optimal laser intensity for114
the source was adjusted with a motorized aperture. The outer115
mirror produced a ring structure distribution at the focus116
with a well distinguishable intense central beam part. This117
central beam part had a diameter of 110 μm and contained a118
∼8 mJ/pulse part of the laser beam, giving a peak intensity of119
∼1.5 × 1015 W/cm2, expecting the Gaussian pulse shape. A120
300-nm-thick Zr foil was used between the XUV spectrometer121
and the HHG source chamber, with the purpose of separating2 122
the vacuum and adequately blocking the laser beam and the 123
low energy part of the XUV beam. While the calculated cutoff 124
energy of the harmonics was ∼300 eV, the measured spectra 125
extended to about 230 eV, as can be seen in the inset of 126
Fig. 1(d), and it was limited also by the transmission of the 127
Zr foil. The beam profiles of the laser beams in the focus 128
of the mirrors and the ones of the harmonic XUV beam at 129
the entrance of the XUV spectrometer were measured and 130
are plotted in the insets of Figs. 1(a)–1(c), respectively. Two 131
measured XUV spectra are also shown in the inset of Fig. 1(d), 132
which correspond to the two different filters inserted into the 133
XUV beam in the case of a Ne backing pressure of 1.6 bars. 134
The blue line is the spectrum with the Zr foil (Zr+Zr) and the 135
red one with the Si foil (Si+Zr). The measured XUV spectra 136
extend from ∼70 eV to ∼230 eV. Also in the inset of Fig. 1(d), 137
one can observe that the transmitted XUV spectrum after the 138
Si foil was stronger before the Si L-edge (100 eV) and after the 139
Zr M-edge (180 eV), as can be expected from the calculated 140
transmission curves of the foil combinations. The concentric 141
mirror pair ensured the accurate delay between the probe and 142
pump pulses, which was changed by moving the inner mirror 143
with 0.2 fs accuracy. 144
III. EXPERIMENTAL RESULTS 145
A. Studied process 146
In this paper, we examine thin solid foils by XAS. 147
For the pump-probe experiment, thin Si and Zr foils were 148
chosen because they have suitable absorption edges within 149
the generated XUV probe spectral range of 70 eV to 230 eV 150
[Fig. 1(d)], namely the Si L2,3 edge at ∼100 eV, the Si L1 edge 151
at ∼150 eV [31,32], and the Zr M4,5 edge at ∼180 eV [32]. 152
We were hence able to study electron transitions from the 2p, 153
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(a)
100 eV
2s±1/2 149.7 eV
2p1/2
2p3/2 99.4 eV
99.8 eV
XUV
EF = 0 eV
CB
Si: [Ne] 3s2 3p2
VB
150 eV
2s±1/2 149.7 eV
2p1/2
2p3/2 99.4 eV
99.8 eV
XUV
EF = 0 eV
CB
Connuum
150 eV
Si: [Ne] 3s2 3p2
VB
(b)
180 eV
XUV
EF = 0 eV
CB
4p1/2
4p3/2 27.1 eV
28.5 eV
4s±1/2 50.6 eV
VB
3d3/2
3d5/2 178.8 eV
181.1 eV
Zr: [Kr] 4d2 5s2
(c)
FIG. 2. Electron transitions were examined from the (a) 2p, (b) 2s, and (c) 3d core levels of Si and Zr to the conduction band (CB) near
100 eV, 150 eV, and 180 eV, respectively.
2s, and 3d core levels to the CB of Si and Zr, as presented in154
Fig. 2.155
The foils were illuminated with short x-ray pulses in the156
XUV spectral range with energy suitable to move a core157
electron to an unoccupied level of the CB, as presented in158
Fig. 3. The transmitted XUV signal can be written in the159
usual form T = e−σanad , where T is the transmission, σa160
is the absorption cross-section of the material at the XUV161
wavelength, na is the atomic density, and d is the thickness162
of the material. The solid film was also illuminated by NIR163
laser pulses from a Ti:sapphire laser. The field of the NIR laser164
pulses modified the transmission of the XUV beam by altering165
the absorption cross-section. The resulting small change in the166
transmission can be expressed as167
T ≈ ∂T
∂σa
∣∣∣∣
0
σa = −T0nadσa, (1)
with T0 being the field-free transmission. In our time resolved168
experiment, the change of the transmission T(τ ) via the169
FIG. 3. Visualization of the core electron excitation within a laser-
dressed solid. The laser field modifies the periodic potential and the
wave function of the CB from the original (gray solid lines) to the
dressed (dashed red lines). Consequently, the probability of the XUV
pulse induced core → CB transition changes. Note that the scaling of
the laser field and the XUV field was modified for a better visibility
because even the wavelength of the XUV field is much larger than
the distance between the atoms.
delay (τ ) between the NIR and XUV pulses was measured. 170
This change can be understood theoretically by means of 171
the change in the absorption cross-section σa(τ ). The laser 172
field polarized the material, which means that the laser field 173
modified the originally symmetric periodic potential (thin gray 174
line in Fig. 3) to an asymmetric one (thin dashed red line). 175
Consequently, the wave function of the electronic level in the 176
CB (thick gray line) was appropriately modified (thick dashed 177
red line). Because σa depends on the wave functions of the core 178
and CB levels, a change of the transmission can be obtained 179
[see Eq. (A18)] in the Appendix for a detailed description): 180
Tj ≈ ±Tj I0(τ )sin2(ω0τ )cos4(τ ). (2)
In Eq. (2), the index j = 2p, 2s, or 3d represents the core 181
electron levels involved in the electron excitation (see Fig. 2). 182
The sign (+) corresponds to the 2p → CB transition and 183
the sign (−) is valid for the 2s → CB and the 3d → CB 184
transitions. Tj = Tj,m=CB is a constant that depends on the 185
material and the involved transitions as it is defined in the 186
Appendix. 187
As seen in Eq. (2), the XUV transmission is expected to 188
be modified by three different effects, namely, (i) by a slow 189
change via the I0(τ ) envelope of the laser pulse; (ii) by a fast 190
modulation defined by the central angular frequency ω0 of the 191
laser field; and (iii) by a beat signal between two alternative 192
absorption paths with  = E/2, where E is the energy 193
difference between the sublevels of the core electronic levels 194
(2p3/2 and 2p1/2 or 3d5/2 and 3d3/2), as shown in Fig. 2. 195
A beat signal cannot be expected at the transition from the 196
2s level because it contains no sublevels (i.e.,  = 0). The 197
805 nm wavelength of the laser produces a fast oscillation in 198
the transmitted XUV signal with a frequency of 745.3 THz 199
or a period of 1.34 fs. In the case of Si, the energy difference 200
between the 2p1/2 and 2p3/2 levels [32] is 0.4 eV, meaning 201
a beat frequency of 48.4 THz or a period of 20.7 fs. For the 202
3d3/2 and 3d5/2 levels [32] of Zr, these values are 2.3 eV, 278.0 203
THz, and 3.6 fs , respectively. While the pulse envelope of 204
35 fs and the 20.7 fs beat in Si can be resolved with a temporal 205
resolution of a few femtoseconds, the fast 1.34 fs oscillation 206
caused by the laser field and the 3.6 fs beat in the Zr can be 207
measured only with attosecond (sub-fs) temporal resolution. 208
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FIG. 4. Method of data evaluation. (a) Spectra series were
measured as a function of delay between the NIR pump and XUV
probe pulses. (b) The 2D Fourier transform of (a). (c) The 2D Fourier
transform of (a) with dc subtraction. (d) Inverse Fourier transformed
spectra series after filtering. (e) The highlighted part of (d) was
magnified to present the competition between the core → CB and
core → VB transitions, which altered the induced absorption to
induced transmission within 0.67 fs and vice versa. The color scales
are normalized, and direction from blue to red means an increase of
transmitted XUV signal. See details in text.
B. Data evaluation209
During the measurements, the transmitted XUV spectra210
were recorded within the 70–230 eV spectral range with 2 fs211
or 0.2 fs delay steps. The spectrograph and detector had a212
spectral resolution of ∼0.015 nm, which meant ∼0.1 eV and213
∼0.4 eV resolution at around 100 eV and 180 eV, respectively.214
To examine how the measurement data were evaluated, we215
present here an example of a measurement that was performed216
with 0.2 fs delay steps and where Si was examined. A set217
of transmitted XUV spectra within a measurement series is218
plotted in Fig. 4(a). A measurement series contains the effect219
of several physical processes, which were hardly recognizable220
together. One immediately can see that the transmitted XUV221
signal decreased below 100 eV during the time the laser222
illuminated the foil, which should have been the consequence223
of interband electron excitation. This change dominated over224
others. Furthermore, the generated harmonics were most225
intense near 100 eV, and the change near 150 eV is hardly226
visible. To recognize and distinguish smaller effects both in the227
spectrum and in time and suppress noise, we further evaluated228
the measurement to highlight data channels of interest and 229
suppress others. Therefore, the measured two-dimensional 230
(2D) data set was Fourier transformed [see Fig. 4(b)]. The 3231
horizontal axis is the transform along the photon energy 232
measured in harmonic orders and gives the scale in optical 233
cycles. The vertical axis is the transform along the delay. The 234
contribution of the harmonic lines is recognizable by the peak 235
at 0.5 optical cycles, and this transform is usable to make 236
appropriate filtering in the spectral direction. In the direction 237
of the delay, a small change sits on a large dc level. To avoid 238
artifacts, another 2D Fourier transform was calculated after 239
subtracting the dc level [see Fig. 4(c)]. On this transform, 240
the peaks of the effect of the laser electric field at 754 THz 241
and the peaks of the beat at 48 THz can be recognized. This 242
transform was used for filtering in the direction of delay. Using 243
appropriate Fourier filters, which are presented in the next 244
sections, the measurement results take the form of Fig. 4(d). 245
In the figure, beyond the 2p → CB transition near 100 eV, 246
the effect of the pump to the 2s → CB transition near 150 eV 247
became also well visible. The effect of the beat with the 21 fs 248
period can be recognized near 100 eV. The fast effect of the 249
laser electric field with a 1.34 fs period also appears with 250
high contrast near 100 eV and 150 eV, while in the range 251
between 110 eV and 140 eV the colors are smooth; some 252
periodicity is visible only as noise with low contrast, as can 253
be expected. A small part in the range of the Si L-edge is 254
magnified and put to Fig. 4(e). The oscillation between the 255
2p → CB and 2p → valence band (VB) transitions at the 256
effect of the laser field can be well observed as the laser field 257
induced additional absorption or transmission and switched 258
between the two absorption channels within a time of 0.67 fs. 259
C. Measurements with femtosecond resolution 260
Pump-probe measurement series were performed for Si and 261
Zr foils. The transmitted XUV spectra at a set of delays were 262
measured and evaluated around 100 eV, 150 eV, and 180 eV to 263
study the 2p, 2s, and 3d to CB transitions, respectively. The 264
delay between the dressing laser pulse and the probe XUV 265
pulse train was scanned with 2 fs temporal resolution. It is 266
clear from Eqs. (A10) and (A11) of the Appendix that without 267
a laser pump (α1 = 0), one can expect strong absorption at 268
the 2p → CB transition and weak absorption at the 2s → CB 269
and 3d → CB transitions. This is the straight consequence of 270
the symmetry of the wave functions, namely that the wave 271
function of 2p is antisymmetric while those of 2s, 3d, and CB 272
are symmetric. 273
To follow the effect of the dressing laser, 2D Fourier 274
transforms of the measured spectra series were calculated 275
and are plotted in Figs. 5(e) and 5(f) for the direction 276
corresponding to the delay axis. In the case of Si, two 277
subsequent measurement series were recorded in different 278
delay intervals, and the calculated Fourier transforms are 279
plotted with solid and dashed blue lines in Fig. 5(e). These 280
transforms contain the well distinguishable peak at ∼48 THz, 281
which belong to the beat between 2p3/2 and 2p1/2 levels. 282
The appearance of the peak at ∼14 THz (∼70 fs ) should 283
be the LO phonon in Si [33]. In the Fourier transform of the 4284
Zr measurement [Fig. 5(f)], one can recognize low frequency 285
peaks at ∼5 THz, ∼12 THz, and ∼20 THz, which are probably 286
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FIG. 5. The XUV transmission spectra were measured and evaluated at around (a) Si L2,3, (b) Si L1, and (c) Zr M4,5 edges with femtosecond
temporal resolution. (d) The transmitted XUV signal was essentially altered in the presence of the pump NIR laser pulse (red dashed line),
e.g., at the L2,3 edge of Si. (e), (f) The 2D Fourier transforms of the measured data sets were used to identify involving processes, and suitable
Fourier filters were applied to evaluate the measurements and to produce panels (a)–(c). (g)–(j) The evaluated results are plotted together with
the theoretical predictions (see details in the text). While (d) and (g) plot the XUV transmission itself, (h)–(j) are the change of the transmission.
The normalized color scales are the same as in Fig. 4(e).
produced by phonon modes in the bulk Zr or in the oxidized287
surface layer [34]. The beat between the 3d5/2 and 3d3/2 levels288
of Zr (278 THz, 3.6 fs ) is too fast to be observed with the289
2 fs temporal resolution; therefore, we analyze it using higher290
temporal resolution in Sec. II.D. In order to highlight the291
processes of interest, to suppress the high frequency noise,292
to eliminate the 5 THz phonon in Fig. 5(f), and for a better293
visibility, appropriate Fourier filters [orange dashed lines in294
Figs. 5(e) and 5(f)] were applied. The filtered spectra series295
are plotted in Figs. 5(a)–5(c), and the interesting parts are296
highlighted with black dashed frames.297
The time resolved change of the transmission at the298
examined L2,3,L1, and M4,5 edges are separately plotted in299
Figs. 5(h)–5(j) by calculating the difference between the signal300
at the edges and the background far from the edges. One can301
see on this figure that when the laser pulse arrives (near zero302
delays), the transmission increases after the L2,3 edge and303
decreases at the L1 and M4,5 edges. At small delays [black thin304
dashed frame in Fig. 5(a)], the L2,3 edge almost disappears.305
To highlight this range, unfiltered raw spectral data at three306
different delays are plotted in Fig. 5(d). While at the delays307
of ±50 fs , the edge is well visible and undisturbed; at 0 fs308
delay (red dashed line), the transmission is increased just after 309
the edge and decreases just before the edge to almost the same 310
transmission value. 311
The delay dependence of the transmitted XUV signals 312
through the Si foil is plotted in Figs. 5(h) and 5(i) at 313
101 eV for the 2p → CB transition and at 147 eV for the 314
2s → CB transition, respectively, considering two subsequent 315
measurement series in different delay ranges (solid and dashed 316
green lines). At around zero delays, the transmission follows 317
the envelope of the laser pulse (black dashes line), as expected 318
from the theory, namely an increase for the 2p → CB and a 319
decrease for 2s → CB transitions were observed. At positive 320
delays in Fig. 5(h), the transmitted signal is clearly modulated 321
by the beat (∼21 fs ) between the 2p3/2 and 2p1/2 levels. 322
In Fig. 5(i), there is no beat, as expected in the case of 323
the 2s → CB transition [some residual beat can be observed 324
from the 2p to continuum transitions, though, as noted in 325
Fig. 2(b)]. The beat in Fig. 5(h) relaxes at ∼300 fs delay. 326
For higher delays, the laser pulse produces a long-period 327
∼200 fs modulation (gray dashed line), which can probably 328
be associated to the TO phonon. This effect cannot be clearly 5329
identified because of the short measurement time <700 fs. 330
005100-5
BT13086 PRB September 30, 2016 4:46
SERES, SERES, SERRAT, AND NAMBA PHYSICAL REVIEW B 00, 005100 (2016)
The surface plot shown in Fig. 5(c) for the Zr measurement331
shows several features. At photon energies in the range of332
180 eV and at negative delays, the colors are mainly light blue333
and yellow, meaning low absorption (high transmission). At334
near zero delays (frame A), it turns to dark blue, meaning high335
absorption. Still around 180 eV and at higher positive delays,336
it becomes again light blue–yellow, and it starts to change337
and oscillate at higher delays, especially in the delay range338
of 100–300 fs (frame C). We associate this oscillation to the339
generated ∼20 THz phonons [35]. At lower photon energies340
near 165–170 eV (out of the range of the CB) and below341
100 fs delay (frame B), the colors in the surface plot remain342
light blue and yellow; this means an almost delay-independent343
transmission, and the change by the phonons appears only344
between the 100–300 fs delay range. This means that the effect6 345
of laser dressing is observed at near-zero delays and at certain346
spectral range, which is different from the phonon assisted347
oscillations (e.g., frame C) observed at positive delays and348
almost independently of the XUV energy.349
The just mentioned processes observed from Fig. 5(c) for350
the Zr measurement are further detailed in the curves shown in351
Fig. 5(g). The XUV transmission at 179 eV (blue line) shows352
a well distinguishable minimum at zero delay during the laser353
pulse due to laser dressing and a strong oscillation between 100354
and 300 fs due to phonons. Far below the edge at around 168 eV355
(red line), only the strong oscillation between 100 and 300 fs356
due to phonons can be seen. In the difference [Fig. 5(j)] of the357
signal (179 eV) and the background (168 eV), the appearance358
of the strong absorption at zero delay due to laser dressing359
can be well observed, while the effect of the phonons mainly360
disappears because they are there in both spectral ranges.361
D. Measurement with attosecond resolution362
Our measurement series of Sec. II.C were repeated at363
around zero delay, with a much higher 0.2 fs temporal364
resolution in order to study in more detail the effect of the365
dressing of the laser pulse on the thin Si and Zr foils. Aiming at366
studying the beating and the effects of the electric field dressing367
in the spectral ranges of the three interested transitions, the368
measured data sets were processed to produce Figs. 6(a)–6(c)369
by applying appropriate Fourier filters [Figs. 6(d)–6(f)].370
For both Si and Zr, the Fourier transforms along the delay371
axis contain a peak at ∼745 THz, which belongs to the372
electric field square of the laser beam. It is especially well373
distinguishable in Fig. 6(f) (Zr measurement). In the case of374
Zr, another peak at 278 THz (3.6 fs , 2.3 eV), which belongs375
to the beat between the 3d5/2 and 3d3/2 core states (CSs), is376
well visible. The 48 THz beat between 2p3/2 and 2p1/2 levels377
of Si is not observable in Fig. 6(e) because of the inadequate378
resolution; however, it is well visible in Figs. 6(a) and 6(b), and379
the similarities with the theoretical calculation for He [Fig. 3(a)380
in Ref. [18] can be immediately recognized. The origin of the381
peak appearing at 180–200 THz in Fig. 6(f) is unclear, and,382
hence, we filtered it out.383
The presence of the harmonic lines and the shape of384
the spectrum at around 100 eV can essentially diminish the385
visibility of the signal of our interest. Therefore, for the386
evaluation of the measurement results of Si, the spectral effect387
of the harmonic lines [peak at 0.5 optical cycles in Fig. 6(d) (red388
lines)] and the slow and fast components of the spectra were 389
filtered out (orange dashed line). Contrary to Si, of which direct 390
band transition starts at ∼3.4 eV and, consequently, absorbs 391
the 805 nm laser light weakly, Zr is a metal and absorbs the 392
laser light strongly. This means strong band-to-band electron 393
excitation and, consequently, a much stronger effect of the 394
illuminating laser pulse to the XUV transmission due to excited 395
electrons. With the intention to observe this effect also, and 396
because harmonic lines cannot be resolved at such high photon 397
energies, we did not filter out the slow spectral components 398
and harmonic lines in the evaluation of the Zr measurement 399
data [blue dashed line in Fig. 6(d)] as we did for Si. Otherwise, 400
the 180 eV edge of the Zr is in the HHG plateau; therefore, the 401
spectral shape of the HHG does not affect the visibility of the 402
signal. 403
In both the Si and Zr, the measured XUV spectra were 404
recorded with 200 as delay steps in two subsequent measure- 405
ment series with different, partly overlapping delay ranges. 406
The surface plots in Figs. 6(a)–6(c) show only the first series, 407
but both series are plotted in Figs. 6(d)–6(j) with dashed and 408
solid lines. In the surface plots of Figs. 6(a) and 6(b), the 409
effect of the delay scan is well visible at around the L2,3 and 410
L1 edges of Si at 100 eV and 150 eV, respectively, which 411
is marked with black dashed frames. The delay dependence 412
of the XUV transmission at 102 eV (±1 eV range) and at 413
150 eV (±2 eV range) is averaged and plotted in Figs. 6(h) 414
and 6(i). On the surface plot of Fig. 6(c) corresponding to the 415
Zr measurement, the dressing effect of the laser is hardly seen 416
because, as mentioned earlier, the change of the transmission 417
is dominated by the laser-excited electrons between the VB 418
and the CB. The transmitted XUV signals [evaluated from 419
the two marked areas in Fig. 6(c)] continuously increase with 420
the delay [see Fig. 6(g), where the two curves are shifted 421
for a better visibility], and they follow the main trend of the 422
integrated Gaussian laser pulse (dashed black line) and decay 423
after the laser pulse. The calculated difference of the signal 424
(180 eV) and the background (160 eV) is potted in Fig. 6(j). 425
The high frequency modulation, which can be seen in every 426
evaluated delay curve in Figs. 6(h)–6(j), is the consequence of 427
the square of the electric field (carrier) of the laser pulse. 428
The slow changes of the XUV transmission are due to the 429
envelope of the pulse (black dashed lines). In Figs. 6(k)–6(m), 430
the calculated signals are presented according to the theory. 431
For the calculation, we used the modified form of Eq. (2), 432
Tj ≈ ± 18Tj I0(τ )[1 − V0 cos(2ω0τ )][1 + Vb cos (2τ )]2,
(3)
and assumed that it is not possible to make a measurement 433
with full visibility of the fast oscillation V0 and the beat 434
Vb because of the limited temporal resolution and may not 435
fully be the equidistance train of XUV attosecond pulses. 7436
The comparison with the measured curves gave us visibility 437
values of 0.6 and −0.15, respectively. Comparing the measured 438
curves with the calculated ones, a very good agreement can be 439
observed. The measurement results exhibit every theoretically 440
expected process, namely the transmission change with the 441
laser pulse envelope, the fast oscillation with the doubled laser 442
central frequency, and the ∼21 fs and ∼3.6 fs beat for Si and 443
Zr, respectively. Some additional temporal structure within 444
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FIG. 6. The XUV transmission spectra around (a) Si L2,3, (b) Si L1, and (c) Zr M4,5 edges were measured with attosecond temporal
resolution. (d)–(f) The 2D Fourier transforms of the measured data sets were used to identify the involving processes, and suitable Fourier
filters were applied to evaluate the measurements and to produce panels (a)–(c). (g)–(m) The evaluated results are plotted together with
the theoretical predictions (see details in the text). The normalized color scales in (a) and (b) are the same as in Fig. 4(e) and in (c) as
in Fig. 4(a).
the measurements can be recognized, which is similar on445
both subsequent measurement series. The background of this446
structure is, however, not clear; it may come from deviations447
from the Gaussian shape of the laser pulse, from the temporal448
shape of the generated harmonic pulses, or from some fast449
electron excitation and relaxation within the CB.450
IV. DISCUSSIONS AND CONCLUSIONS451
We examined the laser-dressing effects of the NIR pulses452
of a Ti:sapphire laser system on the wave function of the453
CB of thin Si and Zr films with core-level attosecond time-454
resolved XUV spectroscopy. The wave function was probed455
by high harmonic pulses from a source generating XUV 456
spectra in the 70–230 eV spectral range via exciting core-level 457
electrons into the conduction and observing the change of 458
the XUV transmission. Three transitions were used, namely 459
the 2p → CB and the 2s → CB transitions of Si and the 460
3d → CB transition of Zr at near 100 eV, 150 eV, and 180 eV, 461
respectively. We observed a slow change in transmission by 462
the envelope and a fast change by the electric field carrier of 463
the dressing laser pulse. The developed theory predicted an 464
increase of the transmission at the 2p → CB transition and 465
a decrease at the 2s → CB and 3d → CB transitions, which 466
were fully observed in the experiments. The theory recognized 467
this difference as the consequence of the symmetry of the CS 468
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wave functions and the symmetry change of the CB wave469
function via the electric field of the laser pulse.470
The measurements in all cases demanded a high temporal471
resolution to deduce real events from undesirable ones. We472
made the measurements with both 2 fs and 200 as temporal473
steps to follow slower and faster processes. The electric field474
of the laser pulse caused precise controlled alterations of the475
electrons in the CB and another attosecond pulse train in476
the XUV spectral range imaged a colored shadow diagram477
of this alterations. The applied Fourier evaluation technique478
with miscellaneous chromatic filters served to distinguish479
and engrave the individually occurred excitation-relaxation480
processes mixed in these projected pictures.481
Beyond the fast oscillation in the XUV transmission caused482
by the electric field of the laser having a period of 1.3 fs ,483
quantum beats from the 2p1/2 and 2p3/2 levels of Si with a484
period of 20.7 fs and beats from the 3d3/2 and 3d5/2 levels485
of Zr with a period of 3.6 fs were recognized. Furthermore,486
the effect of the band-to-band electron excitation in Zr and487
different long and short period phonon modes were found in488
both Si and Zr.489
Our paper recognized ultrafast electronic processes in the490
CB of semiconductors and metals and provided theoretical491
support to help the development of even faster electronics for492
high-speed optical detectors and optical communications.493
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APPENDIX502
The transient XUV absorption of laser-dressed solids is503
modeled as follows: The electric field of the NIR laser pulse504
alters the wave function of the unoccupied level of the CB and505
consequently alters the absorption of the XUV radiation. We506
consider no change of the core-level wave functions because507
of the shielding effect of the outer electron shells. The so-508
called “dressing” laser field might excite electrons from the509
VB to the CB or within the CB, but in the present paper,510
we are not interested in these band-to-band transitions. Here511
we concentrate only on the core-to-band transitions and the512
dressing effect of the electric field of the illuminating laser513
pulse.514
Considering dipole transitions, the transition probability515
between two quantum states of energies Ej and Em when the516
system is illuminated with a resonant laser field of frequency517
ω, such that ω = Em − Ej , is given by Fermi’s golden rule518
[36], from which the absorption cross section can be easily519
derived:520
σa = 2πe
2
cε0
ρmEm|〈m|x|j 〉|2. (A1)
In Eq. (A1), ρmEm gives the number of states within the 521
examined energy rangeEm, withρm being the density of state 8522
(DOS) of the final state (m = CB or VB). The DOS of Si and 523
Zr can be found in several publications, e.g., Refs. [34,35,38]. 524
To calculate the absorption cross section in Eq. (A1) and 525
the effect of the NIR laser field, the wave functions of the core 526
and band states are obtained as follows. (i) We assume that a 527
weak XUV probe pulse moves one electron from a localized 528
atomic CS (Fig. 3, blue thick solid lines) into a delocalized 529
state of the CB (gray thick solid line in Fig. 3) and leaves the 530
VB unaffected. To calculate the quantum states and the wave 531
functions in the CB, we consider the single active electron 532
approximation together with an effective periodic potential, 533
which is formed by the ionic cores and the electrons of the 534
VB. The electron in the CB feels only the effect of this 535
periodic potential. (ii) We use the lattice vector expansion 536
[39] and define the periodic potential as a Fourier series with 537
the reciprocal lattice constant G = 2π/a: 538
U (x) =
∑
m
Ume
i(mGx+2αm) = U (x + a), (A2)
where a is the lattice constant, i.e., the distance between the 539
atoms in the one dimensional lattice. The Um is the amplitude 540
of the mth Fourier component, with U−m = Um and α0 = 0. 541
The U0 is negative and represents a potential energy below the 542
continuum level for bounded electrons. A periodic potential is 543
drawn in Fig. 3 (gray thin solid line), where we assume Um ∼ 544
1/m2. The external laser field Fl polarizes the atoms in the 545
lattice by displacing the bounded electrons in the VB, which 546
modifies the shape of the periodic potential. The effect of Fl 547
is treated as a linear perturbation (quasistatic approximation) 548
by the phases αm in Eq. (A2), 549
αm = χmFl, (A3)
so that without the external field, αm = 0. An example of the 550
effect of the laser field on the periodic potential is shown in 551
Fig. 3 (red thin dotted line). 552
In order to describe the laser-dressed states in the solid, 553
we hence solve the one-dimensional Schro¨dinger equation 554
using the periodic potential given by Eqs. (A2) and (A3). For 555
simplicity, we consider only the first order terms m = 0, ± 1, 556
which gives 557
U (x) = U0 + 2U1 cos (Gx + 2α1). (A4)
Using Bloch’s theorem, near the band gap (k ≈ 0), two 558
plane-wave solutions can be obtained: 559
±(x) = 1√
2a
[e+i(Gx+2α1)/2 ± e−i(Gx+2α1)/2], (A5)
which give the normalized wave functions of the VBs and CBs 560
as 561
CB(x) = +(x) =
√
2
a
cos
(
1
2
Gx + α1
)
, (A6)
562
VB(x) = −(x) = i
√
2
a
sin
(
1
2
Gx + α1
)
, (A7)
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with energies563
E±(k) = 
2k2
2m
±
√
2k2
2m
2G2
2m
+ U 21 . (A8)
The two energies E±(k) in Eq. (A8) therefore give the564
splitting between the two energy dispersion functions [E(k)]565
of the CB and VB states, respectively. The minimal band gap566
is defined as Eg = 2|U1| at k = 0. Following the convention567
in XAS, we measure every energy level relative to the Fermi568
level EF = 0, which provides U0 = −2G2/8m at k = 0.569
Therefore, in the case of a material with known energy band570
gap and lattice constant, the potential described in Eq. (A4) is571
known.572
Usually, the transitions are considered between two Bloch573
states of the electron, namely between the VB and the CB574
states. Here, however, we consider transitions between a CS575
of an electron (localized and bounded to an atom) and a Bloch576
state in the VB or in the CB, considering the wave functions577
given by Eqs. (A6) and (A7). The wave function of the CS is578
approximated by a hydrogenlike radial wave function. In the579
experiments, we measured how the XUV transmission spectra580
changed in time due to the effect of the illuminating laser field;581
therefore, the calculation of the absolute value of the transition582
probability is not necessary. Indeed, what affects the transition583
probability is the symmetry of the core wave function, namely584
whether it is symmetric, antisymmetric, or asymmetric. As585
seen in Eqs. (A6) and (A7), the wave functions CB and VB586
are symmetric and antisymmetric, respectively. Selection rules587
from the dipole approximation forbid symmetric-to-symmetric588
and antisymmetric-to-antisymmetric transitions. If the external589
electric field of the laser modifies the symmetry of the CB or590
VB wave functions (as shown in Fig. 3 with a red dashed591
line), the probability of the transitions changes such that they592
can become possible or forbidden. Therefore, the usage of the593
hydrogenlike radial wave functions with the suitable symmetry594
fulfills the requirements in our analysis.595
We examine the transition from the 2p (L2 and L3 edges)596
and 2s (L1 edge) CSs of Si and the transition from the 3d (M4597
and M5 edges) CS of Zr at 100 eV, 150 eV, and 180 eV photon598
energies, respectively. While the wave function of the 2p state599
is antisymmetric, that of the 2s and 3d states is symmetric.600
The corresponding normalized wave functions are601
2s = 2√γ2s(1 − γ2s |x|)e−γ2s |x|,
2p = 2
√
γ 32pxe
−γ2p |x|, (A9)
and 3d = 4
√
γ 53dx
2e−γ3d |x|.
The effective charge of the core can be obtained from the602
energy of the orbital with principal quantum number n as603
En = −13.6 eVZ
2
eff
n2
, and the reciprocal orbital radius γ is given604
by the formula γ−1 = naB
Zeff
, where aB = 52.9 pm is the Bohr605
radius. For Si, E2p = −99.6 eV and E2s = −149.7 eV; for606
Zr, E3d = −180 eV, which gives Z2p,eff = 5.4, Z2s,eff = 6.6,607
and Z3d,eff = 10.9, respectively, with γ−12p = 19.6 pm, γ−12s =608
15.9 pm, and γ−13d = 14.6 pm. The lattice constants for Si and609
Zr are 543 pm and 323(515) pm, respectively. Therefore, all610
wave functions and parameters are known to calculate the611
transition probabilities and absorption cross sections.612
The cross section in Eq. (A1) can be obtained by calculating 613
the dipole matrix elements dj,± = 〈±|x|j 〉, with j = 614
2p, 2s, or 3d. Since the electron orbitals of the core electrons 615
are almost two orders of magnitude smaller than the lattice 616
constant, we assume γ  G. The absorption cross-sections of 617
the different transitions are thus readily derived by using the 618
delocalized wave functions in the form of Eqs. (A6) and (A7) 619
and the core wave functions in the form of Eq. (A9). Using 620
the notation j = 2p, 2s, or 3d and m = CB or VB, for the 621
transitions 2p → CB, 2s → VB, 3d → VB, we have 622
σj,m ≈ Aj,mcos2α1, (A10)
and for the transitions 2p → VB, 2s → CB, and 3d → CB, 623
σj,m ≈ Aj,msin2α1, (A11)
where A2p,m = 26πe2ρmEm
cε0(aγ2p)3 a
2
, A2s,m = 28π3e2ρmEm
cε0(aγ2s )5 a
2
, and 624
A3d,m = 214π3e2ρmEm
cε0(aγ3d )5 a
2
. 625
We assume a suitably weak laser field, which polarizes 626
the material and perturbs the periodic potential weakly. This 627
means that the change of the potential can be described with 628
a small parameter α1 [see Eq. (A3)], and it can hence be 629
considered as a small perturbation, with cos2α1 ≈ 1 − α21 and 630
sin2α1 ≈ α21 . Using Eq. (A3), we have 631
α1 = χ1F (τ ) = χ1F0(τ ) sin(ω0τ ),
or α21 = χ21 I (τ ) = χ21 I0(τ )sin2(ω0τ ), (A12)
where ω0 is the angular frequency of the laser, F(τ ) is the 632
strength of the electric field, and I(τ ) is the intensity envelope 633
of the laser pulse at the time that the XUV pulse arrives, so τ 634
can be considered as the delay between the XUV pulse and the 635
laser field. Substituting Eq. (A12) into Eq. (A10) and (A11), 636
we obtain 637
σj,m ≈ ∓χ
2
1 Aj,m
cε0
I0(τ )sin2(ω0τ ), (A13)
and from Eq. (1) the transmission change is 638
Tj,m ≈ ±Tj,mI0(τ )sin2(ω0τ ), (A14)
where Tj,m = Aj,m χ
2
1
cε0
T0nad, where j = 2p, 2s, or 3d and 639
m = CB or VB. In Eq. (A14), the sign (+) corresponds to 640
the 2p → CB, 2s → VB, and 3d → VB transitions, while 641
the sign (−) is for the 2p → VB, 2s → CB, and 3d → CB 642
transitions. 643
From Eq. (A14), we can thus make predictions of what 644
one can see in the experiments. On the one hand, without 645
the dressing laser field (α1 = 0), Eq. (A10) predicts a strong 646
absorption (small transmission) at the 2p → CB transition 647
(∼100 eV, Si). This means that the CB is situated just above 648
the L2,3 edge of Si within a few eV DOS spectral range. 649
[37] With the dressing NIR laser field, Eq. (A14) predicts that 650
the transmission depends on the delay τ between the XUV 651
pulse and the laser electric field. It predicts a slow increase 652
of the XUV transmission due to the envelope of the laser 653
pulse I(τ ) together with a very fast oscillation [sin2(ω0τ )] of 654
transmission at half optical period of the laser pulse (∼1.34 fs 655
). On the other hand, Eqs. (A11) and (A14) predict exactly the 656
opposite for the 2s → CB transition of Si at 150 eV and the 657
3d → CB transition of Zr at 180 eV. At these absorption edges, 658
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the originally large transmission of XUV has to decrease due659
to the dressing laser field, caused by a combination between660
the slow change of the pulse envelope and the fast oscillation661
of the squared electric field carrier with half optical period.662
A. Beat between transitions663
In Eq. (2), only one possible transition is considered at a664
certain XUV wavelength. This is the correct case for the 2s →665
CB transition of Si at 150 eV. However, for the 2p → CB and666
3d → CB transitions of Si and Zr (see Fig. 2), respectively,667
there are two near-lying levels and consequently two possible668
transitions in each case. The two levels are 2p1/2 and 2p3/2 at669
99.82 eV and 99.42 eV for Si and 3d3/2 and 3d5/2 at 181.1 eV670
and 178.8 eV for Zr. The distances of 0.4 eV and 2.3 eV671
between the levels are smaller than the width of the CB so that672
for a certain XUV wavelength, both transitions are possible.673
To understand how this appears in the measurement, the time674
dependent dipole matrix element is written as675
d(t) = eFXUV,0eiωXUVt 〈b1eiEb1/t + b2eiEb2/t |
× x|c1eiEc1/t + c2eiEc2/t 〉, (A15)
where b1,b2 are the wave functions of the two band states676
with energies Eb1 and Eb2, and c1,c2 are the wave functions677
of the two CSs with energies Ec1 and Ec2. The XUV field is678
resonant with the two transitions, which means that ωXUV = 679
Eb1 − Ec1 = Eb2 − Ec2. Equation (A15) can be separated into 680
four terms using the notation E = Eb1 − Eb2 = Ec1 − Ec2 681
as 682
d(t) = eFXUV,0〈b1|x|c1〉 + eFXUV,0〈b2|x|c2〉
+ eFXUV,0e−iE/t 〈b1|x|c2〉
+ eFXUV,0eiE/t 〈b2|x|c1〉. (A16)
Because the two levels lie close to each other, their wave 683
functions hardly differ; therefore, we assume b1 ≈ b2 = b 684
and c1 ≈ c2 = c, with which Eq. (A16) takes the simple 685
form 686
d(t) = 4eFXUV,0〈b |x|c〉cos2
(
E
2
t
)
. (A17)
This results in the appearance of a beat signal in the XUV 687
transmission in Eq. (A14) with angular frequency of  = 688
E/2: 689
Tj,m ≈ ±Tj,mI0(τ )sin2(ω0τ )cos4(τ ), (A18)
where the sign (+) is for 2p → CB transition and the sign 690
(−) is for 3d → CB. In the case of Si, the energy difference 691
between the 2p1/2 and 2p3/2 levels is 0.4 eV, which means a 692
beat of frequency 48.4 THz or period of 20.7 fs. For the 3d3/2 693
and 3d5/2 levels of Zr, this gives 2.3 eV, 278.0 THz, and 3.6 fs. 694
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